Docetaxel (Dtxl) is currently the most common therapeutic option for prostate cancer (PC). However, adverse side effects and problems associated with chemo-resistance limit its therapeutic outcome in clinical settings. A targeted nanoparticle system to improve its delivery to and activity at the tumor site could be an attractive strategy for PC therapy. Therefore, the objective of this study was to develop and determine the anti-cancer efficacy of a novel docetaxel loaded, prostate specific membrane antigen (PSMA) targeted superparamagnetic iron oxide nanoparticle (SPION) (J591-SPION-Dtxl) formulation for PC therapy. Our results showed the SPION-Dtxl formulation exhibits an optimal particle size and zeta potential, which can efficiently be internalized in PC cells. SPION-Dtxl exhibited potent anti-cancer efficacy via induction of the expression of apoptosis associated proteins, downregulation of anti-apoptotic proteins, and inhibition of chemoresistance associated protein in PC cell lines. J591-SPION-Dtxl exhibited a profound uptake in C4-2 (PSMA + ) cells compared to PC-3 (PSMA − ) cells. A similar targeting potential was observed in ex-vivo studies in C4-2 tumors but not in PC-3 tumors, suggesting its tumor specific targeting.
exhibiting super paramagnetic properties that can be used for magnetic resonance imaging (MRI) (diagnosis/imaging); ii) the cyclodextrin and pluronic polymer (F127) double layer coating supports hydrophobic layers to load/encapsulate anti-cancer drugs; and iii) the polyethylene glycol chains of pluronic F127 polymer act as a stealth polymer, which diminishes the nonspecific uptake of formulation and reduces drug resistance. Feasibility of encapsulation and delivery of a model anti-cancer drug molecule (curcumin) in such a formulation has been tested in prostate, breast and pancreatic cancer cells [24] [25] [26] [27] .
The primary aim of the current study dealt with the use of this novel SPION formulation to deliver docetaxel. Among many cell-surface protein markers, prostate specific membrane antigen (PSMA) is highly overexpressed in prostate cancers [28] , and thus it is considered a valid target for PC [29, 30] . In addition, anti-PSMA antibody or PSMA-specific aptamers A10-3.2 aptamer based targeting and imaging have been tested on patients with PC [29, 31, 32] . Therefore, in order to enhance the cancer cell specific targeting, uptake, and retention, we biofunctionalized nanoparticles through the addition of a PEG-linker, notably, the Nhydroxysuccinimide (NHS) group, with J591 monoclonal antibodies, for targeting PSMAexpressing prostate tumors [33] [34] [35] [36] . Using a PSMA targeted nanoformulation, we evaluated the therapeutic benefit and targeting using both in vitro and ex vivo models of PSMA + and PSMA − PC cells and mouse tumors. Our results suggest that encapsulation of Dtxl in SPION significantly enhanced the targeting potential to and efficacy in PC cells, which indicates the applicability of this unique nanotechnology platform for targeted PC therapy.
Materials and Methods
All reagents, solvents, chemicals, and cell culture plastics were purchased from SigmaAldrich Co. (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA) unless otherwise mentioned. All chemicals were used as received without further purification. PC cell lines [C4-2 (PSMA + ) and PC-3 (PSMA − )] were received from Dr. Meena Jaggi's Laboratory, The University of Tennessee Health Science Center, and cultured in RPMI-1640 medium (Gibco, Grand Island, NY) containing 10% (v/v) fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific, Grand Island, NY), and 1% (w/v) penicillin-streptomycin (Gibco) at 37°C in a humidified 5% CO 2 -95% air atmosphere (Sanyo Scientific Ltd, Tokyo, Japan). For most of the in vitro cell culture experiments, cells were trypsinized when the confluence level was about 80% and above, seeded in either 6 or 96-well plates, and allowed to attach overnight to the plate before starting any treatments.
Preparation and characterization
SPION composed of iron oxide cores were prepared from Fe 2+ (300 mg) and Fe 3+ ions (800 mg) (1:1 molar ratio) using chemical precipitation in the presence of aqueous ammonia environment, followed by cyclodextrin and F127 polymer coating, respectively [25] . These were considered to be SPION or control SPION for all our studies. 100 μL of 10 mg/mL docetaxel in acetone was employed to load docetaxel in SPION at a ratio of 1:10 according to our previous drug loading protocol; these docetaxel loaded SPION are termed SPIONDtxl throughout the manuscript. A schematic representation of this SPION-Dtxl formulation is presented in Fig. 1A. 2.1.1. Particle size and zeta potential-The average hydrodynamic size and size distribution of SPION and SPION-Dtxl were measured by dynamic light scattering methods using a Zetasizer (Nano ZS, Malvern Instruments, Malvern, UK). Before measurements, the freshly prepared SPION or SPION-Dtxl were diluted to achieve 1 mg/mL nanoparticle suspensions and probe sonicated using a VirSonic Ultrasonic Cell Disrupter 100 (VirTis, Gardiner, NY) for 30 sec. All measurements were carried out at room temperature after equilibration for 10 min. Three runs of each sample suspension were measured for 3 min. The same SPION and SPION-Dtxl suspensions were used to measure zeta potential using the principle of electrophoretic mobility under an electric field. The representation of data was an average of 3 independent measurements for 9 min.
Fourier transform infrared (FTIR)
, X-ray diffraction, and thermogravimetric analysis-For these studies, SPION and SPION-Dtxl formulations were lyophilized using a Labconco Freeze Dry System (−48 °C, 133 × 10 −3 mBar; Labconco, Kansas City, MO) to obtain dry solid nanoparticles.
The composition of SPION and SPION-Dtxl was evaluated using FTIR (Perkin Elmer Series Spectra 100, Waltham, MA) to affirm the drug encapsulation [37] . A Rigaku D/Max-B diffractometer (Rigaku Americas Corporation, The Woodlands, TX) was used to determine the crystalline behavior of SPION/SPION-Dtxl [26] . The thermal behavior of SPION and SPION-Dtxl was assessed using a Perkin Elmer Simultaneous Thermal Analyzer STA6000 [37] .
2.1.3.
In vitro magnetic resonance imaging-To test their MRI potential, SPION, SPION-Dtxl or SPION/SPION-Dtxl in 2 × 10 6 C4-2 cells were suspended in 3% agar solution to achieve agar-nanoparticle phantom gels (final concentration of NPs ~ 50 μg iron/ mL). A 9.4 T (400 MHz H 1 ) with an 89 mm vertical bore MRI scanner (Agilent Technologies, Santa Clara, CA) was used to measure T 1 and T 2 relaxation times using a multi-echo multi slice (MEMS) sequence [25] .
Cellular uptake
The uptake of SPION is an indicator of effective delivery of therapeutics in cells. The flow cytometry method was utilized for quantitative evaluation of SPION uptake in C4-2 PC cells. For efficient quantification of SPION-Dtxl in addition to Dtxl, Coumarin 6 dye, which can be detected as green fluorescent in a flow cytometer in the FL1 channel (488 excitation, Blue laser, 530 ± 15 nm, FITC/GFP), was encapsulated. In this study, PC cells (2.5 × 10 5 cells/well in 2 mL media) in 6-well plates were treated with 2 μg C6-SPION-Dtxl and SPION-Dtxl (no dye) for 2 hrs. After that, cells were washed with PBS, trypsinized, and collected in 2 mL media, centrifuged, washed twice with PBS, and finally collected in 2 mL phenol-red free medium for flow cytometry analysis as mentioned in our previous report [38] . An Accuri C6 Flow Cytometer (BD Biosciences, San Jose, CA) was used to determine the fluorescence levels of C6-SPION-Dtxl. Evaluation of specific endocytosis pathway mechanisms of SPION could provide valuable information. Therefore, uptake mechanisms of SPION were examined in C4-2 and PC-3 (5×10 6 cells in each well, in 6-well plates) PC cell lines. Cells were treated with various endocytic inhibitors, chlorpromazine (CPZ) (10 μg/ml, clathrin vesicle inhibitor), methyl-β-cyclodextrin (mCD) (1 mM, clathrin independent inhibitor), and nocodazole (NOCO) (10 μg/ml, microtubule-based endocytic inhibitor), for 1 hr at 37°C [39, 40] . Then cells were incubated with 50 μg equivalent SPION-Dtxl for an additional 2 hrs. Subsequently, cells were washed three times with 1X PBS (0.1 M, pH 7.4), prepared for Prussian blue staining [27] and collected in PBS suspension for absorbance measurements. No inhibitor treated cells were considered as actual control. The proportion of nanoparticle uptake was determined by measuring the Prussian blue absorbance at 510 nm using a SpectraMax Plus Plate Reader (Molecular Devices, Sunnyvale, CA).
Sub-cellular localization
In this study, to track SPION instead of Dtxl, Coumarin 6, which serves as green fluorescent marker, was encapsulated. To determine the cellular localization of Coumarin 6 labeled SPION (C6-SPION), C4-2 and PC-3 cells were seeded at a density of 2×10 4 on 8-well chamber glass slides (Nalgene Nunc Intl., Rochester, NY). Cells were then treated with 2 μg of Coumarin 6 equivalent C6-SPION for 3 hrs. After 2 hrs of incubation, cells were fixed using 2% paraformaldehyde for 10 min, permeabilized with 0.1% TritonX-100 in 1X PBS for 10 min, and washed twice with an additional 1X PBS, followed by a blocking step with 2% goat serum in PBS for 1 hr. Then cells were incubated with 30 nM Mito Tracker Red or 50 nM Transferrin from Human Serum, Texas Red ® Conjugate or 75nM LysoTrackerR Red DND-99 (Life Technologies) to stain as a marker for mitochondria, endosome, and lysosome, respectively. Finally, nuclei were counter stained with DAPI (4′,6-diamidino-2-phenylindole, Life Technologies) and mounted in Vectashield Mounting Medium (Vector Labs, Burlingame, CA). Finally, cells were visualized under a laser confocal microscope (Carl Zeiss LSM 710, Oberkochen, Germany) under 400X magnification using oil immersion objective.
Proliferation assay
The cytotoxicity of Dtxl or SPION-Dtxl in C4-2 and PC-3 PC cells was measured with the CellTiter 96 ® AQ ueous One Solution Cell Proliferation Kit (Promega Corporation, Madison, WI) [41] . In brief, 5 × 10 3 cells in 100 μL culture medium were seeded into each well of 96-well plates and allowed to attach overnight. Then cells were treated with 1-50 nM of Dtxl or SPION-Dtxl for 48 hrs. After completion of the treatment period, 20 μL MTS reagent + 75 μL of fresh culture medium was replaced in the wells for 2-3 hrs. The intensity of the absorbed color of intracellular formazan was measured at 492 nm using a microplate reader (BioMate 3 UV-Vis Spectrophotometer, Thermo Scientific, Waltham, MA). The percentage of cell growth was calculated as the percentage of absorption of color intensity of treated cells to absorption of color intensity of non-treated cells.
Clonogenic assay
PC cell lines (C4-2 and PC-3) were treated with Dtxl or SPION-Dtxl to determine the degree of cytotoxic effect. For this assay, PC cells (500 cells/well in 2 mL medium) were suspended uniformly and seeded in 6-well plates. After 3 days, initial growth of colonies was observed, cells were treated with 2.5 and 10 nM Dtxl or Dtxl equivalent SPION-Dtxl for a week under standard cell culture conditions. Equivalent concentrations of DMSO or SPION treated cells were considered as controls for this experiment. Then media was replaced with fresh media without drugs and maintained under standard cultural condition until day 14. At the end of the treatment, cells were washed with 1X PBS, fixed with cold methanol, subsequently stained with hematoxylin for 5 min, and rinsed with double distilled water several times. The colonies were photographed using a BioSpectrum ® 500 Imaging System (UVP, Upland, CA) [24] .
Tubulin stabilization assay
The influence of Dtxl or SPION-Dtxl on tubulin stabilization was studied using immunofluorescence assay. For this, PC cells (1×10 7 cells/mL in each slide) were seeded in chambered slides and grown for 24 hrs. Cells were treated with 10 nM Dtxl or Dtxl equivalent SPION-Dtxl or respective controls (DMSO or SPION) for 8 hrs. After incubation, cells were washed with 1X PBS, fixed with ice-cold methanol for 20 min, blocked with 10% goat serum for 1 hr, incubated overnight with β-tubulin antibody (1:50 cell signaling, #CS2146) at 4°C on a rocker. After washing, cells were then probed with FITC-conjugated goat anti-rabbit secondary antibody (1:200, #111-095-003, Jackson ImmunoResearch Labs, West Grove, PA) for 1 hr, and nuclei were counterstained with DAPI mounting medium and visualized under a laser confocal microscopy (Carl Zeiss LSM 710).
Immunoblot analysis
For immunoblot analysis, PC cells (1×10 6 in 10 mL medium) were seeded in a 100 mm culture dish and treated with 5 or 10 nM Dtxl or Dtxl equivalent SPION-Dtxl for 48 hrs. Cells were lysed with 2X SDS lysis buffer (Santa Cruz Biotechnology, Santa Cruz, CA). The process of extraction, quantification of proteins, and the Western blotting method were followed as described previously [39] . Primary antibodies [β-actin (#4967), BAD (#9292), Bax (#2772), Bcl-xL (#2762), Bcl-2 (#2876), p53 (#9282), Cleaved PARP (#5625), PSMA (#12815), and MDR1 (#13342)] and secondary antibody [horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit secondary antibody] (Promega) were used in this study. The protein bands were detected and imaged with the Lumi-Light Detection Kit (Roche, Nutley, NJ) using a BioSpectrum ® 500 Imaging System. The densitometric studies of the acquired blots were analyzed using GelQuant® Software (DNR Bio-Imaging Systems, Jerusalem, Israel).
Generation of PSMA targeted SPION-Dtxl
To generate a PSMA targeted SPION-Dtxl formulation, PSMA monoclonal antibody (PSMA MAb, J591, acquired from Dr. Neil Bander, Weill Cornell Medical College, New York by Dr. Chauhan) was used to conjugate on SPION-Dtxl. The conjugation of J591 onto SPION-Dtxl was prepared through two steps as discussed below. In the first step, to obtain an active surface moiety on SPION-Dtxl, 2 mg of SPION-Dtxl in 10 mM sodium bicarbonate reaction buffer, (pH 8.0 with 0.1 PEG) was mixed with 10 mg of the coupling agent Succinate Succinimidyl PEG (NHS-PEG-NHS, MW 5000, NANOCS, Boston, MA). After 1 hr, excess or un-reacted coupling agent was removed by centrifugation (10,000 rpm for 20 min) and the activated NHS coupled SPION-Dtxl was resuspended in reaction buffer. In the second step of reaction, 100 μg of J591 in reaction buffer was slowly added at 4 °C for 18 hrs to this NHS activated SPION-Dtxl to generate PSMA targeted SPION-Dtxl. The unconjugated J591 MAb was removed by centrifugation and thorough washing.
Cellular targeting
To further verify the quantitative cellular specific targeting of J591-SPION-Dtxl by PC cells, immunofluorescence microscopy was performed. For this study, C4-2 (PSMA + ) and PC-3 (PSMA − ) PC cells were cultured in 4-well chamber slides at a density of 2×10 5 cells per well. Cells were blocked with 2% goat serum for 1 hr and then cells were treated with 6 μg SPION-Dtxl or J591-SPION-Dtxl for 2 hrs. Then the culture medium was removed, cells were washed with 1X PBS (twice), fixed in 2% para-formaldehyde, permeabilized, and incubated with Cy3 labeled secondary antibody (Cell Signaling Technologies, Danvers, MA). After further washing, the cover slips were mounted on glass slides using aqueous anti-fade medium (Vector Laboratories) and the slides were visualized under a laser confocal microscope (Carl Zeiss LSM 710). The corrected total cell fluorescence (CTCF) was calculated for 10 cells in each field using ImageJ Software (US NIH, http://imagej.nih.gov/ ij/, 1997-2015) using the equation: CTCF = Integrated Density -(Area of selected cell × Mean fluorescence of background readings).
Proliferation kinetics and clonogenic potential
To examine improved and targeted cytotoxicity of the J591-SPION-Dtxl, a cell proliferation kinetic method was followed instead of an MTS assay. In this study, C4-2 cells (10,000 cells/well in 1 mL medium) were seeded in six different sets of 6-well plates. After overnight cell attachment, cells were treated with 5 nM Dtxl, SPION-Dtxl, or J591-SPIONDtxl. On each day, cells were trypsinized and viability was counted via a trypan exclusion study employing a Countess ™ Automated Cell Counter [26] (Invitrogen, Carlsbad, CA). Cell viability was calculated as a percentage of treated compared to non-treated cells [42] . Cell images were captured under light microscope (200X magnification) (Eclipse Ti, Nikon, Melville, NY). Similarly, J591-SPION-Dtxl targeted efficacy was examined using clonogenic potential assay as mentioned in Section 2.6 but at a low concentration of 0.5 nM instead of 2.5 nM.
Ex-vivo tumor targeting
The tumor targeting ability of J591-SPION-Dtxl was further evaluated through ex-vivo studies on histological models such as C4-2 orthotopic and subcutaneous and PC-3 orthotopic xenograft mice tumor tissues (tissue slides procured from Dr. Bilal Hafeez). The slides were processed by employing a heat-induced antigen retrieval immunohistochemistry technique using a Biocare Kit (Biocare Medical, Concord, CA) as described previously [43] . Briefly, paraffin-embedded (FFPE) tumor tissues were deparaffinized, rehydrated, treated with 0.3% hydrogen peroxide or peroxidazed solution, and processed for antigen retrieval. Then tissues were blocked with 4% donkey serum (Jackson ImmunoResearch Laboratories) to avoid non-specific binding using background sniper. These tissues were incubated with 30 μg SPION-Dtxl (untargeted) and J591-SPION-Dtxl (PSMA targeted) for 1 hr, then washed with PBS for 30 mins. Finally, tissue slides were mounted using DAPI containing mounting medium. These slides were evaluated for targeting ability using a laser scanning confocal microscope (Carl Zeiss LSM 710).
Statistical analysis
The data values were processed using Microsoft Excel 2007 and graphs were drawn using Graphpad Prism 5 (Graphpad Software, LaJolla, CA) or Origin 6.1 (OriginLab Corp, Northampton, MA) software. All data were presented as mean ± standard error of the mean (SEM). Statistical analyses were performed using an unpaired, two-tailed Student's t-test.
The level of significance was set at *p < 0.05.
Results
The main objective of this work was to encapsulate docetaxel (a clinically used anti-cancer drug) in β-cyclodextrin and pluronic F127 polymer inner layers in a self-assembly manner (SPION-Dtxl formulation) to improve its therapeutic efficacy. An additional aim was to achieve a specific targeting capacity of SPION-Dtxl by functionalization of anti-PSMA J591 MAb on the surface of nanoparticles to offer both passive and active targeting of PC cells.
SPION-Dtxl preparation and characterization
A SPION formulation composed of iron oxide core with β-cyclodextrin and pluronic F127 polymer layers [25] was prepared, which was used to encapsulate docetaxel (SPION-Dtxl). In this method a major portion of Dtxl was entrapped physically in the hydrophobic cavity of β-CD. This formulation was stable in suspension due to the stealth capabilities of surface coating arising from pluronic polymer chains (Fig. 1A) .
A representative TEM image of SPION-Dtxl revealed an aggregation size of ~100 nm while individual particle size was 8-10 nm (Fig. 1B) . The particle size of SPION-Dtxl was 139.5±2.16 nm, which was a slight increase compared with SPION (127.1±4.97 nm), as determined by DLS (Fig. 1C) . This indicates Dtxl was incorporated into SPION. A slight increase in particle size was observed when particles were measured in serum. However, overall particle size distribution was < 0.2. The results indicated that zeta potential of SPION-Dtxl (−10.9 mV) slightly varied compared to SPION (−11.2 mV) (Fig. 1D) . FTIR analysis of SPION-Dtxl (Fig. 1E ) exhibited additional major peaks at 3,000 cm −1 due to O-H stretch of the carboxyl group, 1,752 cm −1 due to C=O stretch of the ester group, and 1,055/1010 cm −1 due to C-O-C and C-C/C-O vibrations, in addition to the SPION [25] characteristic peaks. FTIR of docetaxel has been provided in supplementary Fig. S1 for a comparison with SPION-Dtxl. Thermogravimetric analysis disclosed greater weight loss in SPION-Dtxl due to Dtxl encapsulation in SPION compared to SPION alone (Fig. 1F) . Weight loss of Dtxl as displayed in the second regime may correspond to Dtxl decomposition. The diffraction data of SPION was consistent with JCPDS file no: 01-088-035 which showed XRD patterns at 2θ = 30.1°, 36.2°, 42.4°, 52.5°, 57.5° and 62.2° due to characteristic peaks of face-centered cubic lattice structures 220, 311, 400, 422, 440 and 511 of the Fe 3 O 4 crystal structure, respectively (Fig. 1G) . This revealed the nanocrystalline nature of SPION. There were no additional XRD crystalline peaks of Dtxl observed in SPION-Dtxl. This indicates that the Dtxl was well dispersed in the SPION and may exist in its amorphous form at the β-cyclodextrin and pluronic F127 polymer layers. These results following encapsulation of drug(s) in nanoparticles are in agreement with reported literature [44] .
Further, there was no significant change noticed in the MR imaging characteristic of SPIONDtxl compared to SPION in Phantom gels (Fig. 2) . This indicates Dtxl loading in SPION was not affecting its inherent characteristic ( Fig. 2A,C) . This behavior of SPION-Dtxl persisted even in C4-2 cells (Fig. 2A,C) . T 1 relaxation times were recorded as 1.81±0.09 s and 1.96±0.12 s for SPION-Dtxl and SPION-Dtxl with C4-2 cells, respectively, which are values close to SPION and SPION with C4-2 cells, 1.68±0.10 s and 1.93±0.11 s, respectively (Fig. 2B) . This pattern was true even in T 2 relaxation times; i.e., SPION-Dtxl (13.74±1.17 ms) and SPION-Dtxl with C4-2 cells (13.82±1.06 ms) have values that are close to SPION (12.66±0.077 ms) and SPION with C4-2 cells (13.91±1.10 ms) (Fig. 2D). 
SPION-Dtxl exhibits cellular internalization, accumulation and cytosol delivery in PC cells
In the current study, the uptake/internalization efficiency of SPION-Dtxl in C4-2 cells at a concentration of 2 μg/ml was measured using mean fluorescence intensity of cells through flow cytometric analysis (Fig. 3A and inset ). An intense green fluorescence in cells annotated its internalization ability. A similar observation of internalization was made by microscopy using Prussian blue staining (Fig. 3B) . We subsequently focused on assessing the internalization pathways. Upon treatment with endocytosis inhibitors, SPION-Dtxl internalization was prominently reduced. The inhibitory capacity of SPION-Dtxl was: methyl-β-cyclodextrin (mCD) > chlorpromazine (CPZ) > nocodazole (NOCO). Methyl-β-cyclodextrin inhibits up to 40% uptake of SPION-Dtxl, which strongly indicates that uptake of SPION-Dtxl occurred through clathrin independent endocytosis followed by clathrin dependent with minor involvement of tubulin mediation endocytosis (Fig. 3C ).
Since SPION-Dtxl has been shown to participate in the endocytosis internalization process, we sought to examine its sub-cellular fate using confocal microscopic analysis. SPION-Dtxl was efficiently internalized and localized in C4-2 and PC-3 PC cells (3 hrs post-incubation). An intense cytosolic staining and strong co-localization of SPION-Dtxl to the mitochondrial marker, mitotracker, and less co-localization of SPION-Dtxl with endosome(s) and late endosome/lysosome marker(s) were observed in these cells. The degree of co-localization was: mitochondria > endosome > lysosome. This suggests that SPION-Dtxl is capable of escaping from late endosomal and lysosomal compartments and reaching into the cytosol/ mitochondria [45, 46] , resulting in efficient functioning (Fig. 3D). 
SPION-Dtxl is effective in inducing anti-cancer effect in PC cells
To quantify the effect of Dtxl and SPION-Dtxl, cell proliferation was assessed by an MTS colorimetric method. Both controls, DMSO and SPION, did not affect cell growth; however, Dtxl and SPION-Dtxl exhibited a dose-dependent inhibitory effect in cell proliferation assays (Fig. 4A) . The IC 50 of SPION-Dtxl was 8.5 and 9.2 nM while Dtxl ranged from 13.5 and 15.6 nM for C4-2 and PC-3 cancer cell lines, respectively. The colony forming potential of cancer cells reflects their growth in vivo. Thus, we examined the effects of the SPIONDtxl formulation on inhibition of long term colony formation. The results demonstrated that the durable effects of SPION-Dtxl caused significant repression in colony-forming ability of PC cells (Fig. 4B) . The number of colonies was decreased upon a 15-day treatment of Dtxl in a dose dependent manner in C4-2 and PC-3 cells (Fig. 3B, left panel) . The exposure of Nagesh et al.
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Author Manuscript cells to SPION-Dtxl was associated with significant repression of cell growth resulting in a decrease in the number of colonies at 2.5 nM (Fig. 4B, right panel) , whereas higher concentration of SPION-Dtxl was required for complete inhibition of PC cell growth. Both assays suggest that PC cells are relatively more responsive to SPION-Dtxl treatment over free Dtxl.
SPION-Dtxl induces alteration of cell-regulatory, survival and apoptotic proteins in PC cells
The next goal of this study was to investigate the molecular effects of the SPION-Dtxl formulation, which are expected to be modulated upon efficient cellular uptake [12] . To examine such pronounced effects, we elucidated Dtxl microtubule-stabilizing activity in PC cells. Compared to free Dtxl, SPION-Dtxl treatment demonstrated an increased microtubule polymer mass, thereby inducing microtubule bundles in cells (green fluorescence for microtubulin staining) (Fig. 5A) . Significance of this result is related to maintaining Dtxl activity in SPION-Dtxl more effectively.
Immunoblot analysis was performed to investigate the involvement of SPION-Dtxl on mechanistic anti-cancer effects. The effect of Dtxl/SPION-Dtxl on the expression levels of various proteins, such as Bcl2, Bcl-xL, Bax, Bad, cleaved PARP, cleaved caspase 3, p53, PSMA, and MDR1, was assessed in PC cells. Dtxl/SPION-Dtxl exposure to C4-2 cells resulted in an increased expression of p53, a key tumor suppressor protein. Additionally, expression of some key pro-apoptosis associated proteins (Bax, Bad, cleaved PARP and caspase 3) also increased following Dtxl and SPION-Dtxl treatment. Contrary to this, the expression of key pro-survival proteins (Bcl2 and Bcl-xL) was effectively down-regulated by SPION-Dtxl treatment. Additionally, cell regulatory proteins such as PSMA were found to be downregulated in C4-2 cells after treatment (Fig. 5B) . The pro-apoptotic Bax protein was upregulated and the antiapoptotic Bcl-2 was downregulated in treated cells; thus, the Bax/ Bcl-2 ratio was increased by treatments, suggesting that Dtxl induces apoptosis. Moreover, SPION-Dtxl treatment was found to be more effective in reducing expression of MDR1 protein over Dtxl treatment. All together, co-relation was found for the improved therapeutic activity of SPION-Dtxl, which can be explained by the intrinsic difference in molecular effects.
J591-SPION-Dtxl promotes specific targeting to PC
Our studies have confirmed the cytotoxic behavior of SPION-Dtxl against PC cells; however, it is not a specific targeting mechanism, which is a major concern in the drug delivery field. This prompted us to generate a SPION-Dtxl formulation with tumor specific targeting capability. For this, we have chosen PSMA, which overexpresses in almost all prostate tumors with minimal expression in normal tissues. Based on this fact, a human antibody (J591) against PSMA has been approved by FDA as a biomarker and imaging agent against PC [29, 47] . Therefore, we generated a targeted SPION-Dtxl by conjugating J591 through PEG-NHS groups that were coated on the surface of SPION-Dtxl (Fig. 6A ).
After conjugation with J591, the particle size of J591-SPION-Dtxl (166.9±1.26) varied only slightly from SPION-Dtxl and it still possessed a negative zetapotential (−7.58 mV) (Fig.  6B-C) . Specific affinity of J591-SPION-Dtxl was validated using PSMA + and PSMA − PC cells (Fig. 6D) . In this comparative study, both C4-2 and PC-3 cells were treated and processed for confocal microscopy imaging. Our results showed pronounced green fluorescence at peripheral regions of C4-2 cells treated with J591-SPION-Dtxl. However, we did not find a similar observation in PC-3 cells, annotating the targeting and high affinity of J591-SPION-Dtxl with PSMA+ cells (Fig. 6D) . We calculated CTCF fluorescence intensity values of 10 different cells in 5 different set of images to quantify the targeting potential, which was significant in the case of C4-2 cells.
The enhanced efficacy of J591-SPION-Dtxl was reflected in its specificity towards PSMA antigen in the PSMA + (C4-2) cell line. Treatment with 5 nM of native Dtxl or Dtxl equivalent SPION-Dtxl or J591-SPION-Dtxl for 1-5 days was executed through the kinetic approach and percent viability was calculated each day using trypan blue exclusion studies.
We observed a sustained decrease in percent viability on each day. On day 5, cell viability was 5, 17.5 and 26% with J591-SPION-Dtxl, SPION-Dtxl, and Dtxl treatments, respectively (Fig. 7A ) and relevant representative images were captured under 200X magnification (Fig.  7B ). Cells showed morphological changes such as shrinkage, retraction of filopodia, and spheroids formation after treatment with native Dtxl or Dtxl equivalent to SPION-Dtxl and J591-SPION-Dtxl. These changes in morphology are clear signs of apoptosis with disruption in membrane integrity [48] . These cellular changes were more pronounced with increasing concentrations of SPION-Dtxl and J591-SPION-Dtxl. Also, colonogenic results displayed a progressive decrease in the number of colonies after treatments in the order: J591-SPIONDtxl > SPION-Dtxl > Dtxl. We observed the lowest number of colonies during J591-SPIONDtxl treatments in comparison to other groups (Fig. 7C) . The colony formation study further substantiated the above results revealing the targeting attribute of J591-SPION-Dtxl.
Although J591-SPION-Dtxl showed in vitro specific targeting against PSMA + PC cells, to further ascertain its active targeting to PC, we selected a panel of C4-2 orthotopic/ subcutaneous xenograft tumors (expressing PSMA) and PC-3 tumors (non-expressing PSMA). Interestingly, there was bright and intense fluorescence in C4-2 xenograft and orthotopic tumor cells (Fig. 8A ) as compared to PC-3 tumor cells (Fig. 8B) . These results indicate that J591-SPION-Dtxl has specific targeting towards PSMA + compared to PSMA − prostate tumors. Their respective fluorescence CTCF values are represented in Figure 8C . Quantification data showed only a moderate level of SPION-Dtxl in tissues but J591-SPION-Dtxl binds more specifically to the C4-2 tumor cells but not to PC-3 tumor cells. This not only revealed an enhanced targeting phenomenon but also established an approach to target PSMA, which is highly expressed in prostate tumors.
Discussion
Docetaxel is an effective FDA approved drug widely used in the chemotherapy of castration resistant and metastatic PC. However, normal organ toxicity and chemoresistance are major clinical challenges associated with docetaxel chemotherapy. A few strategies (Cellax ™ and BIND-014) have been devised and implemented to prevent chemo-resistance, reduce side effects or to further enhance overall anti-cancer efficacy of Dtxl. Cellax ™ is a cellulose based-docetaxel nanoparticle formulation while BIND-014 is a PSMA targeted docetaxel loaded biodegradable polymer nanoparticle formulation. Herein, our aim was to use PSMA targeted SPION for docetaxel delivery combined with an MR imaging option for PC treatment. SPION were chosen due to their extensive use in biomedical applications. Additionally, β-CD and pluronic polymers induce Dtxl binding to and stability properties of SPION, as confirmed through physico-chemical properties (particle size, surface charge, functional groups, thermal and crystalline nature) of SPION-Dtxl (Fig. 1 ). In agreement with previous reports [49] , SPION-Dtxl and J591-SPION-Dtxl exhibit tunable particle size in aqueous medium and in serum (< 200 nm) with negative zeta potential. This range of particle size and zeta potentials is suitable for cancer therapeutics. More importantly, MR imaging characteristics of SPION were maintained even after loading with Dtxl and after internalization in PC cells (Fig. 2) , which suggests their multi-purpose use as a theranostic modality.
SPIONs are promising as drug delivery carriers for cancer therapy. This is due to their significant cellular uptake/internalization, accumulation and release of loaded therapeutics in cancer cells. The key internalization study demonstrates SPION-Dtxl entry is a combination of caveolae and clathrin associated delivery but not micropinocytosis (Fig. 3) . A strong colocalization of SPION-Dtxl with mitochondria with less co-localization of endo-and lysosomes suggests that the internalized SPION-Dtxl was capable of escaping endo-/lyso-somal degradation (Fig. 3C) . Release of SPION-Dtxl from these compartments to the cytosol allows the drug to take effective action (Fig. 3D) . Such internalized drug formulation achieves significant improvements to loaded therapeutics.
Earlier studies with SPION loaded with curcumin had demonstrated a lower IC 50 value than free curcumin in various cancer cell lines [24] [25] [26] [27] . Our current results indeed indicate greater cytotoxic effects of SPION-Dtxl against PC cells over Dtxl in MTS and clonogenic potential assays (Fig. 4) . This proves that the loaded therapeutic molecule was actively delivered to cancer cells. This prompted us to further examine the molecular mechanism of how SPION-Dtxl showed improved activity in PC cells (Fig. 5) . The primary mechanism of action of Dtxl is binding to tubulin and microtubule stabilization, which resulted in cell cycle arrest and induction of apoptosis. This function of Dtxl was increased with SPION-Dtxl, which can be explained by the demonstrated effective uptake/internalization in PC cells. On the other hand, it may be possible that slow intracellular release contributes to limiting drug efflux and thus induce its greater activity. Disruption to the integrity of DNA induces transcription of pro-apoptotic proteins [50, 51] , which counteracts the effects of antiapoptotic members of the Bcl-2 family, including Bcl-2 [52] . Excessive downregulation of Bcl-2 elicits the activation of caspase-dependent apoptosis [53, 54] . The ratio of Bax to Bcl-2 is a crucial determinant of cell survival or its ability to undergo apoptosis [55, 56] . Following Dtxl and SPION-Dtxl treatment, western blot results indicate a decrease in antiapoptotic Bcl-2 and Bcl-xL expression, and an increase in pro-apoptotic Bax and Bad proteins, confirming the involvement of intrinsic pathway to induce apoptosis. Increased expression of P53 (C4-2 only), cleavage in PARP protein, and activation of caspase further support our results of apoptosis. It has been known that increased expression of PSMA is linked to Dtxl resistance. A decrease in the expression of MDR1 and PSMA (C4-2 only) indicates resistance was overcome and PSMA associated growth was reduced in PC cells. However, the effective inhibition/induction of protein levels was observed with SPION-Dtxl, indicating that Dtxl is available through SPION in its active form for anti-cancer activity.
These findings are consistent with our results obtained from cytotoxicity and colony formation.
A critical need exists to develop a specific-targeted drug delivery carrier that enhances specificity to PC. Among all PC cell surface proteins (prostate stem cell antigen, prostein, T cell receptor gamma alternate reading frame protein, six-transmembrane epithelial antigen of the prostate 1, and PSMA), PSMA is a cell-surface protein that is highly overexpressed in almost all prostate cancers and within the tumor neovasculature of other solid tumors [28] . Moreover, FDA-approved anti-PSMA antibody is a prostate-specific imaging agent and a target for the delivery of PC therapeutic agents [29, 30] . Therefore, we utilized PSMA as a PC specific target to deliver Dtxl using our SPION based delivery system. Specificity of this targeted formulation (J591-SPION-Dtxl) was confirmed by utilizing PSMA + and PSMA − PC cells (Fig. 6) . In PSMA + PC cells a greater uptake was found compared to PSMA null PC cells (Fig. 6D) . J591 MAb conjugated SPION-Dtxl exhibited superior anti-cancer potential in PSMA + PC cells indicating its applicability for targeted delivery of therapeutics (Fig. 7) . Further, our immunofluorescence data confirmed that J591-SPION-Dtxl specifically targeted PSMA + PC cell derived xenograft tumors (Fig. 8 ).
Taken together, our studies reported SPION-Dtxl induced potent anti-cancer effects in PC cells via down-regulation of key prosurvival and multi-drug resistance proteins, and upregulation of antiapoptotic proteins. In addition, J591 MAb conjugated to SPION-Dtxl increased specific targeting and anticancer potential in PC cells (in vitro), and targeted PC cells (ex-vivo), providing greater confidence for developing a PSMA targeted Dtxl nanoformulation as an adjunct to conventional chemotherapeutics. 
Conclusions
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